Reactivation of pre-existing weaknesses in the upper crust can be documented using surface features, and 9 has occurred throughout time and space, particularly in regions where the basement material dates from 10 the Precambrian and has undergone successive deformation events. This study aims to use surface 11 features such as fracture patterns to document evidence of such reactivation in the Paleozoic and 12
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1.INTRODUCTION 31
In many landscapes, surface evidence of deformation can provide a tantalizing glimpse of the structures 32 beneath the surface. Landscape maturity can be used to determine the order in which folds amplified and 33 to discern the presence of subtle folding structures that cannot be observed in other ways (e.g. Obaid & 34 Allen, 2017). Landslide occurrence and the relief of the local topography can also be employed to 35 understand the pattern of active faults in a region (e.g. Osmundsen et al., 2009) . Cinque et al. (1993) use 36 geomorphological domains in addition to subsurface datasets to infer the geodynamic evolution of the 37 Southern Apennines. These three diverse studies highlight the importance of geomorphologic data in 38 subsurface geology. In this contribution, we use the shape of the land surface, as gleaned from satellite 39 data and field-derived fracture patterns, to understand the reactivation history of basement-involved 40 faults in SE Nebraska and NE Kansas. 41
Reactivation of pre-existing weaknesses in crustal material is documented throughout time and space, 42 particularly in regions where the basement material dates from the Precambrian and has undergone 43 successive episodes of deformation. The concept of tectonic inheritance -that the pre-existing structures 44 and zones of weakness in a system govern the development of subsequent structures -is frequently used 45 to explain large-scale variations in the geometry of orogenic belts, or the locations of rift margins in 46 supercontinent cycles (Butler et al., 1997, Thomas 2004 , Audet & Burgmann, 2011 , Huerta & Harry, 2012 . 47
In addition, this concept can be used to explain the appearance of folds and faults or uplifted zones in 48 regions that are far from the collision zone. The effect of basement geometry on the development of an 49 orogenic arc has been demonstrated by Macedo & Marshak (1999) using analog models. Large-scale 50 finite-element modeling also demonstrates that a pre-existing structural system can exert significant 51 control on subsequent deformation styles (Huerta & Harry, 2012) . Studies of specific structures (e.g. temperature of the deforming system may also affect reactivation potential (Ranalli, 2000) . Major 60 reactivated faults have a mix of effects, such as compartmentalizing the overlying thrust belt structure, 61 nucleating overlying folds, as well as affecting the basement geometry (Butler et al. 2006) . Depending 62 upon the compression direction, initially normal faults may be reactivated as strike-slip or as 63 reverse/thrust faults in subsequent deformation if the conditions are correct, that is, the incident stress 64 is within a suitable angle relative to the original fault (Handin, 1969) . Some studies indicate that an oblique 65 subsequent imposed stress is more favorable for fault reactivation than an imposed stress normal to the 66 structure (Sibson, 1985) . Faults may be reactivated numerous times if the region is affected by multiple 67 phases of deformation, assuming that the above conditions are met in each phase. The effect of an 68 imposed stress on a pre-existing weakness in a specific area can be tested using analog models, where the 69 initial conditions can be chosen and scaled to represent a real-world scenario (McClay, 1995) . This 70 methodology has been applied successfully to regions including the Italian Alps and the Zagros Belt 71 (Bahroudi & Koyi, 2003; Viola et al., 2004) . 72
This study aims to demonstrate that basement structures can reactivate and propagate through a thick 73 sequence of cover rocks to influence surface fracture patterns. The study area chosen is the southeastern 74 section of Nebraska and the adjacent northwestern region of Kansas (Figure 1 ). This area was chosen 75 because there are undisputed structures within the basement namely the southern extent of the Mid-76 continent Rift System and the northern extent of the Nemaha uplift. Through a comparison of lineaments 77 derived from potential fields processing and analysis, remotely sensed lineaments and surface fracture 78 patterns, we demonstrate that reactivation of basement faults is able to explain the distribution of surface 79 lineaments (that is, probable faults and fractures) in the study area. Previous studies have documented 80 fracture patterns across parts of the present study area (e.g. Neff, 1949; Ward, 1968) and noted the 81 relationship of the surface lineaments to presumed basement features (e.g. Baehr, 1954; Smith et al., 82 1974; White, 1990) . Although providing valuable data, these previous studies cover only a small portion 83 of the present focus area, and lack the understanding of modern rock mechanics in explaining their 84 findings (e.g. Neff, 1949; Nelson, 1952) . This study serves to emphasize the influence of basement feature 85 reactivation on surface geomorphology in the framework of modern rock mechanics, and conversely, the 86 importance of surface features in deciphering the history of a region. 87 88
GEOLOGIC SETTING 89
The earliest crust in southeast Nebraska and northern Kansas is considered to date from the Central Plains 90 (Craddock et al., 1997). Hauser (1996) Berendsen et al., 1992) . The Kansas segment of the MRS may have been reactivated in the latter 124 part of the Paleozoic, forming the Abilene, Voshell, Barneston, and Nemaha anticlines along the eastern 125 edge of the MRS (Mendenhall, 1958; Carlson, 1995) . Rift segments are also considered to be reactivated 126 in the formation of the Union fault and related faults of the study area Fracture data was collected at thirteen field sites, seven in SE Nebraska and six in NE Kansas, forming two 204 transects across the study area. Transect 1 is made up from sites NF 1-NF 7 and is oriented E-W. Transect 205 2 is made up from sites KF 1-KF 6 and is oriented NE-SW. These data were collected in part because of 206 limited outcrop availability and in part to have transects running broadly perpendicular to the anticipated 207 trends of the main basement features. Bedding orientation data as well as fracture strike and dip was 208 measured at each location. Outcrops were frequently road cuts, thus some bias is introduced into the 209 data by the orientation of the road cut -for example, on an E-W oriented road cut, any fractures oriented 210 E-W will be under-represented. This cannot be avoided, but was carefully noted for use in analysis. At 211 each site, 25 fracture orientations were measured. Care was taken to avoid radial fractures caused by 212 dynamiting the outcrop in the road-construction process. 213
To gain a sense on the orientation of basement structures, we mapped lineaments using spatial analysis 214 of gravity and magnetic grids (Bankey et al., 2002 , Kucks, 1999 . The magnetic anomaly grid was extracted 215 from the North American Magnetic Anomaly Map database, comprising a compilation from numerous 216 vintage airborne surveys that were leveled to a consistent elevation of 305 m above the terrain. In our 217 study area, the flight line spacing varied from 0.5 -8 km (Bankey et al. 2002) . The total magnetic intensity 218 data were reduced to magnetic pole in order to remove the skewness of magnetic signals due to non-219 verticality of the ambient field (inclination of 69.65°, a declination of 9.46°). 220
The gravity anomaly grid from Kucks, 1999 was used for the study. This dataset compiles the numerous 221 land gravity measurements by the US Geological Survey, corrected for the rocks above sea level with an 222 assumed density of 2.67 g/cc (Bouguer gravity anomaly). In order to remove the long-wavelength crustal 223 signal from the gravity data, we generated the regional trend via upward continuation of observed gravity 224 grid to a 100 km elevation. By removing this regional trend from the observed Bouguer gravity, we 225 obtained the map of the residual Bouguer gravity anomalies, which represent the gravitational signal due 226 to lateral density distribution in the subsurface rocks. Considering the data by age is also instructive. Figure 12 shows rose diagrams and pole figures for the 299
Cretaceous, Permian and Pennsylvanian units, respectively, and Table 2 
COMPARISON OF SURFACE AND BASEMENT DATASETS 317
The basement lineaments in Figure 14 show the most tightly clustered orientations, when compared to 318
Figures 7, 9, 11 and 12 (all other rose diagrams). The two prominent basement trends neatly mirror the 319 CPO and MRS system faults known from other work (Figure 2) . The CPO trend is not as strongly observed 320 in the study area as is the MRS trend. Table 3 shows that all basement orientations appear in the surface 321 dataset, and the overall NE-SW orientation appears in all three datasets, at either ~045 or ~055. This 322 indicates that the surface datasets, both fracture and ETM-derived, are picking up the basement features 323 but with varying amounts of dispersion. shows that the main NE-SW ETM trend is on-trend with a basement lineament, but is a more minor trend 328 in the measured fractures at this site. Overall, the surface fracture trends and the basement lineaments 329 line up nicely, but the ETM dataset introduces a significant amount of noise into the system. This 330 correspondence of lineament and fracture orientations is best explained by repeated reactivation on the 331 basement faults, as detailed in the "Geological Setting" section, throughout the Pennsylvanian, Permian 332 (both ARM-related) and lower Cretaceous. A Cretaceous phase of reactivation is less well documented 333 than the other ARM-related reactivation, and could be due to far-field stresses from the Laramide 334
Orogeny. 335 336 7. DISCUSSION 337
As noted above, the basement lineaments (Figures 13, 14) mirror the trends of Precambrian age faults 338 related to the MRS and the CPO. Overall, the correspondence of surface lineaments and fractures to 339 basement data indicates reactivation of basement structures in an important influencing factor in the 340 development of the surface features in Nebraska and Kansas. Our results enhance the work of Neff (1949) , 341
Nelson (1952), Baehr (1954) , Ward (1968) , Smith et al. (1974) and White (1990) by extending the dataset 342 of fractures and satellite-derived lineaments, and documenting the relationships with basement features 343 over a wider area. We have further shown that the strong presence of the MRS-related basement 344 orientation in the Cretaceous age datasets (Figures 12, 14) provides strong evidence for reactivation of 345 the MRS trends in the mid Cretaceous. 346
The surface and ETM datasets are much more dispersed than the basement dataset. We first need to 347 consider that the depth to the basement is significant in the study area, leading to attenuation of the 348 gravity and magnetic signature of buried structures. As a result, only dominant subsurface features will 349 be represented in the basement analysis, compared to a much wider range of features represented at the 350 surface. One possibility for dispersion in surface datasets, alluded to above, is the generation of secondary 351 fracture orientations during reactivation as strike slip faults. This can be seen in the development of 352 fractures in Riedel shear orientations (Figure 15 ). Another possibility is that flexure and uplift of the rigid 353 beam of Phanerozoic sediments is distributing deformation across a wider area, perhaps by outer-arc 354 extension of the thick beam above a vertically uplifting basement feature. Lastly, fractures are known to 355 develop in unroofing, that is, uplift and erosion, situations, although these are typically small-scale and 356 more randomly oriented. Lineament analysis on this scale and at this resolution is unlikely to pick up 357 many unroofing structures, but some of the noise in the field datasets (Figures 8-12 ) may be attributed to 358
this. An additional factor that must be considered in the evaluation of Figure 12 is that sandstone layers 359 typically fracture in a much blockier, systematic fashion than the underlying limestones. Limestone 360 containing numerous fossil fragments appears to fracture with more dispersion around the key 361 orientations than a sandstone layer of a similar thickness, subjected to the same stresses (see e.g. 
